Abstract -Precipitation in subsurface bubbles is a key process that governs how hydrogen 11 isotopes migrate through and become trapped within plasma-exposed tungsten. We describe a 12 continuum-scale model of hydrogen diffusion in plasma-exposed materials that includes the effects of 
I. Introduction

32
Hydrogen migration and trapping in plasma-exposed tungsten are complex processes, and 33 developing models which capture the correct physical mechanisms is a challenging task. A review of 34 the published experimental database reveals that a wide range of trapping mechanisms have been 35 previously observed [1] . Of particular interest is precipitation, where atomic hydrogen in solution 36 recombines into H 2 (g) upon encountering sub-surface voids and bubbles [2] . These precipitates have 37 the capacity to trap a large amount of hydrogen at shallow depths. Upon mechanical failure of the 38 bubble structure (typically through fissures leading to the surface) the trapped hydrogen gas is able to 39 escape [3] . This has the benefit of reducing the total retention in plasma facing materials by 40 preventing diffusion to deeper trap sites.
41
Being able to more rigorously predict the amount of hydrogen trapped in the bubbles would be different conditions. These processes are being addressed by a number of researchers using density 46 functional theory (DFT), molecular dynamics (MD), and kinetic Monte Carlo approaches [4] . Such models provide a wealth of fundamental insight into basic physical processes, but tend to be restricted 48 to small spatial domains over very limited time scales. A number of general-purpose continuum-scale 49 diffusion codes, such as TMAP7 [5] , are in wide use within the magnetic fusion community and have 50 been applied to modeling thermal desorption spectroscopy from plasma-exposed materials. These 51 models allow point defects to be simulated, but cannot yet account for precipitation. Hence, care must 52 be taken when applying them to situations where the effect of bubbles is important.
53
Incorporating approximations to atomic-scale effects into a simpler model offers a pathway to 54 simulate trapping in bubbles for practical experimental conditions. In a previous study [ we assume boundary condition of ‫ݑ‬ሺͲǡ ‫ݐ‬ሻ ൌ Ͳ for the front surface.
89
As discussed in further detail in Ref. Determining whether hydrogen will flow into subsurface bubbles requires calculating the solution 119 concentration that will be in equilibrium the precipitated gas. One must therefore determine the 120 fugacity of the gas in the bubbles accurately using an equation of state that takes into account non-121 ideal gas effects at high pressure. Fig. 1 shows a comparison of the existing experimental database 122 [12] [13] [14] and curve fits [15] [16] for the behavior of hydrogen at high pressure at ambient temperature.
123
Note that the ideal gas law approximation diverges in the pressure range 10-100 MPa. into a continuum model, we will focus primarily on the dislocation loop-punching mechanism 143 described above.
144
IV. Results and Discussion
145
To test the underlying assumptions incorporated into our simulations, we considered a series of 146 thermal desorption spectroscopy (TDS) and positron annihilation (PA) experiments by Van Veen et al.
147
[18]. To summarize their work, W(100) single crystals were initially damaged with 6 MeV protons. 
170
Consistent with the findings of Van Veen et al., we found that for the ion fluxes described in Ref.
171
[18], 1 nm dia. voids were not able to accumulate enough hydrogen to punch dislocation loops. between of 1.8-2.1 eV, as illustrated in Fig. 2(b) . However, the model we have proposed here presents 186 a much more accurate depiction of the actual physical processes involved with trapping within 187 bubbles. As illustrated in Fig. 2(c) , the voids are completely filled up to an interface and then empty 188 afterward, consistent with the behavior described previously.
189
These initial results certainly provide evidence that a continuum-scale approach could be applied
190
to accurately modeling trapping by bubbles in tungsten. However several key obstacles still remain.
191
The next step in developing this model is applying it to the growth of large precipitates in more 
